The crab Halicarcinus planatus (Fabricius, 1775) is the only member of Hymenosomatidae that inhabits the southern tip of South America, and it is the only decapod species that reproduces twice a year in the Beagle Channel. In this study, we analysed seasonal variations in development duration, body size, biomass (dry weight), and elemental composition (CHN) of larvae from a population living at the southernmost limit of the species' geographic range. Compared to offspring produced in December (early summer), larvae released in August (late winter) were on average larger and heavier, and they showed a higher carbon content (suggesting a larger lipid fraction). This pattern of intraspecific variation in larval size and biomass corresponds with minimum primary productivity in sub-Antarctic regions during winter, suggesting that large winter eggs may represent a reproductive adaptation to a regular pattern of variation in nutritional conditions, including food limitation in winter. As an additional or alternative explanation, also strong salinity fluctuations occurring in summer might reduce larval quality in the December cohort. In conclusion, seasonal variation in larval size and biomass may be related to variations in nutritional and/or physical factors.
INTRODUCTION
The larval development of decapod crustaceans has extensively been studied in relation to morphological (De Almeida Fernandes et al., 2010) , physiological (Weiss et al., 2009) , and behavioral aspects (Darnell and Rittschof, 2010) . In all these fields of research on larval biology, the available data show inter-and intraspecific variations associated with latitudinal gradients and different habitat conditions (Bas et al., 2008; Silva et al., 2009) , as well as seasonal and interannual variations in larval characteristics (Ouellet and Allard, 2002) .
In the pelagic environment, seasonal changes in nutritional and physical factors can influence the growth and chemical composition of planktonic organisms including decapod crustacean larvae (Anger, 2001 ). Nevertheless, patterns of variation may differ among the various elemental and biochemical components of biomass (Anger and Harms, 1990) . Such changes in the chemical composition may be used as indicators of variations in larval condition (Anger, 2001) , which are believed to influence the probability of lar-val survival and recruitment. Also, effects of environmental factors affecting the condition in a given stage of the life cycle may persist through development to later stages (Giménez, 2004) .
The crab Halicarcinus planatus (Fabricius, 1775) is the only hymenosomatid that inhabits the southern tip of South America, showing a sub-Antarctic distribution including peri-Antarctic islands (Boschi et al., 1969; Richer De Forges, 1977; Lucas, 1980) . It ranges along the southwestern Atlantic coasts from Mar del Plata (36°S) to the archipelago of Tierra del Fuego (55°S) (Boschi et al., 1992; Spivak, 1997; Vinuesa and Ferrari, 2008) , where it inhabits rocky substrates and kelp holdfasts in the intertidal and shallow sublittoral zones (Arntz et al., 1999; Pérez-Barros et al., 2004; Diez et al., 2011) . The planktonic larval development of H. planatus comprises three zoeal stages (Boschi et al., 1969 ), which are not followed by a megalopa stage. This peculiar developmental pattern is typical of the marine Hymenosomatidae (Lucas, 1980; Dornelas et al., 2003) .
Like other Hymenosomatidae, H. planatus has an extended reproductive season with multiple spawning, but the duration of this period decreases towards the southern range limits (Dellatorre, 2009; Vinuesa and Ferrari, 2008; Diez and Lovrich, 2010) . In the Beagle Channel (Tierra del Fuego), there are two main periods of reproduction, which correspond with two larval cohorts in the zooplankton, September and January (Lovrich, 1999) and with seasonal changes in reproductive traits of this species, including higher fecundity and smaller eggs in winter than in spring (Diez and Lovrich, 2010) .
The aim of this study was to compare larval biomass, elemental composition, and mean development duration of larvae produced in two different reproductive periods of a population of H. planatus living at the southernmost limit of the geographic range of this species. In sub-Antarctic coastal environments, seasonality of food availability is reflected in variations observed in ingestion rates, energetic contents and ovarian development of squat lobsters (e.g. . Physical conditions are very variable with water temperatures between 5°and 9°C and salinities of 25-32 psu (Curelovich et al., 2009; Aguirre et al., 2012) .
The working hypothesis of this study is that seasonal variations in biomass and elemental composition of H. planatus larvae in the Beagle Channel are related to intrinsic (physiological conditions of females) and/or extrinsic (physical) factors. Using data of chemical composition as indicators of larval condition, this information may indicate possible intraspecific variation in the larval dependence on planktonic food sources. Furthermore, variations in larval condition may indicate variations in the survival potential of larval H. planatus in different environments, including the potential of this species to invade Antarctic waters with highly seasonal and temporarily low planktonic food production (Diez and Lovrich, 2010) .
MATERIALS AND METHODS Collection of Ovigerous Females
In July and November 2008, i.e., about one month before the beginning of the two main hatching periods, respectively, ovigerous females of H. planatus were hand-collected at spring low tides from the intertidal zone of Bahía Brown, Beagle Channel (54°51 S, 67°30 W). The animals were transported to the CADIC laboratory and subsequently transferred to individual plastic flasks (1 l) with aerated seawater kept at 8 ± 0.5°C, 32 psu, and an artificial 12:12 h light:dark cycle. Water was changed every two days, and crabs were fed three times a week with Tetra Color granules.
Experimental Design
For each spawning period (August, December), samples for later measurements of initial larval dry mass (W) and elemental composition (carbon, C; hydrogen, H; nitrogen, N; collectively CHN) were taken within a few hours after hatching (first zoeal stage, ZI). Throughout the time of development to the first juvenile crab stage (CI), survival rate and development duration through successive stages (ZI-III; CI) were recorded. Changes in larval body size (expressed as zoeal carapace volume, CV), as well as in larval and early juvenile W and CHN were measured approximately in the middle of each moulting cycle (based on the presence of exuviae and previously determined development times). Due to the low fecundity of H. planatus (about 700-1200 eggs per clutch; Diez and Lovrich, 2010) , a different ovigerous female had to be used for each experiment (Table 1) .
Larval Rearing
The ovigerous females were checked twice daily (at 8 AM and 8 PM) for the presence of newly hatched larvae. Actively moving zoeae were collected within 12 hours of hatching using a glass pipette and individually transferred to plastic bowls containing 100 ml of seawater kept at 8 ± 0.5°C. Rearing was done in complete darkness, because previous experiments had revealed that the larvae are strongly attracted by light, so that they adhere (due to superficial tension) to the water surface, where they eventually die. Every second day, water was changed, and freshly hatched Artemia nauplii obtained from commercial "Salt Creek Brine Shrimp Eggs" were supplied ad libitum.
Larval Developmental Duration, Survival, Size Measurements Larval survival and development duration were recorded in rearing experiments with larvae released in August 2008 from six different females (carapace width 8.2-11.2 mm) and from another three females in December 2008 (carapace width 8.4-11.6 mm; for initial numbers of larvae used in all experiments, Table 1 ). Larval mortality and moulting were recorded in daily intervals.
From parallel rearing experiments with larvae from the same hatch, larvae were sampled approximately in the middle of each moulting cycle and fixed in 6% formaldehyde for later determinations of body size. Larval size was measured using a stereomicroscope equipped with a calibrated eye-piece micrometer, and expressed here as carapace volume ( Elemental Analyses (CHN) Dry mass (W) and elemental composition (CHN) were determined in larvae and early juveniles (CI) sampled from rearing experiments, which were conducted with hatches obtained from 7 and 8 females in August and December, respectively (Table 1) . Prior to rearing, newly hatched larvae (zoea I, 0 day) were sampled for later analyses. The remaining larvae were reared in bowls at a density of 5 larvae per bowl (100 ml), following the protocol described above. Samples of larvae were removed from rearing bowls using glass pipettes, subsequently rinsed in distilled water, blotted on precision wipes, transferred to pre-weighed tin cartridges, and stored frozen at −20°C. Later, the frozen samples were dried at ca. −57°C in a Rificor LT8 lyophilizer, weighed to the nearest 0.1 μg on a Sartorius SC microbalance, and analysed with an Elemental Vario Micro CHN Analyser using acetanilide as a standard, following standard techniques (Anger and Harms, 1990) . All analyses consisted of 5 replicate measurements with larvae from the same female. Depending on larval stage and average weight, each replicate sample comprised a pool of 2 to 15 individuals to meet the minimum mass requirements for optimal precision of the CHN analyser.
Statistical Analyses Standard statistical analyses were based on Sokal and Rohlf (1995) and Underwood (1997) . Normality was checked with normal plots and homoscedasticity with Bartlett's test. Differences in DW, C, H, N (in μg/individual and % DW) and the C:N mass ratio were compared between zoea I (0 days) obtained from different females and in different seasons using a nested two-way ANOVA for each variable with spawning period as fixed factor and female as random factor nested within spawning period. Differences between spawning periods in larval volume of freshly hatched zoeae were compared with a Wilcoxon test for equality of means (Sokal and Rohlf, 1995) . Differences among females in larval volume of freshly hatched zoeae were compared with an ANOVA (Sokal and Rohlf, 1995) . Differences in the C:N ratio between successive larval stages within each reproductive period were compared with one-way ANOVA. When significant differences were found, post hoc comparisons were made (Sokal and Rohlf, 1995) .
RESULTS

Larval Survival and Developmental Time
Hatching of H. planatus began about four weeks after the collection of ovigerous females. All larvae were released by a single female within a short period (3-8 hours) at night. Successive larval stages of H. planatus showed different survival rates, varying among females and reproductive period (Table 1) . Larvae from all females moulted to the zoea II stage, but only 40% of the larvae hatching in August and 66% of those in December reached the zoea III. In parallel rearing experiments conducted for CHN determinations, larvae from all females and from both reproductive periods reached the zoea III or crab I stage.
Mean durations of successive larval stages from each female and reproductive period are shown in Table 2 . Data for the zoea III in December are lacking, because a failure of the power supply of the incubator caused a loss of these experiments.
Larval Size, Dry Mass, and Elemental Composition (CHN) at Hatching
Newly hatched zoeae showed significantly larger carapace volume in August than in December (Table 1 ; Wilcoxon test, W = 315.5, P < 0.001, n = 14 and 18 for August and December, respectively) and differed among females within each reproductive period (Table 1 ; ANOVA, F = 10.42, P < 0.0001, n = 14; F = 3.13, P < 0.001, n = 18, for August and December, respectively). Likewise, larval dry mass at hatching differed significantly between the reproductive periods (F = 5.41, P < 0.04; Table 3, Table 4 ) and females (F = 17.03, P < 0.001), with heavier larvae generally occurring in August (Table 4) . Consistent with patterns in larval size and dry mass, the initial CHN values (in μg/individual) were higher in larvae hatching in August than in those from December (Table 3 ). The mass-specific CHN values (in % of dry mass), by contrast, were similar Table 3 . Halicarcinus planatus. Proportions of carbon, nitrogen, hydrogen (mean ± SD) of successive larval stages in two reproductive periods; * significant differences between zoea I (0 days), comparing spawning periods (see Table 4 ). 26.0 ± 6.5 3 4 .8 ± 9.3 4 4 .6 ± 16.7 7 3 .5 ± 18.3 124 ± 11 Dec 08 20.1 ± 2.2 2 9 .2 ± 2.4 4 7 .2 ± 3.6 7 0 .9 ± 14.0 113 ± 3 C* (μg per ind.) Aug 08 8.12 ± 1.21 11.6 ± 2.6 1 5 .0 ± 5.6 2 5 .9 ± 6.6 4 3 .1 ± 2.8 Dec 08
Elemental composition
6.91 ± 0.47 11.1 ± 1.2 1 6 .8 ± 2.2 2 6 .5 ± 6.3 3 6 .5 ± 1.9 N* (μg per ind. between hatching periods (Table 3 , Table 4 ). The C:N mass ratio was higher in December ( Fig. 1, Table 4 ). On the other hand, CHN (both per individual and as percentage values of larval dry mass) differed both in August and December significantly between females (Table 4) .
Ontogenetic Changes in Size, Dry Mass, and Elemental Composition
During the course of complete larval development from the first to the third zoeal stage, larval volume showed in August an increment of ∼157%, while in December it increased by ∼195% (Table 3) . As a consequence of a steeper size increment, December larvae became in the zoea III stage similar to those from August. As in body size, the gain in dry mass was initially stronger in December larvae, so that they could catch up with those from August (Table 3) . Dry mass increased in the zoea II by 71-73% of its initial biomass, and another increase of ca. 180% occurred in the zoea III stage. After metamorphosis, the average dry mass measured in the crab I was in both reproductive periods about 5 times higher than the initial value measured in freshly hatched zoea I (Table 3) .
Changes in CHN (in μg/individual) during the course of larval development showed in August and December similar patterns as total dry mass. Total gain in C was 431 and 428%, respectively (Table 3) , while the N gain was 384% in August and 440% in December (Table 3), and that in H was 493 and 401%, respectively. By contrast to the individual CHN values, the percentage of CHN within total dry mass remained similar throughout the time of larval development (Table 3) .
In the August cohort, the C:N ratio remained similar between successive larval stages whereas the December cohort showed a decreasing tendency (Fig. 1) . In both hatching periods, a conspicuous increment in the C:N ratio occurred after metamorphosis to the crab I stage (F = 9.49, P < 0.001; F = 3.92, P < 0.05, August and December, respectively; Fig. 1 ).
DISCUSSION
In the Beagle Channel, near the southern limit of its geographic range within the Atlantic Ocean, H. planatus is the only decapod crustacean that reproduces twice a year, whereas other species spawn annually or only every two years (Diez and Lovrich, 2010) . This unusual reproductive trait is associated with seasonal variations in patterns of larval development and growth. Initial body size and biomass (dry mass, CHN) were significantly larger in larvae hatching in winter (August) compared to those released in early summer (December). Besides differences in size and individual biomass at hatching, seasonal variations occurred also in the relative chemical composition of larval biomass (CHN in % of dry mass; C:N mass ratio).
Although December larvae hatched with smaller size and lower biomass, they showed a higher C:N ratio compared to those released in August. This suggest a higher initial lipid:protein mass ratio in summer (Anger and Harms, 1990; Anger, 2001 ). However, variations in the amounts of N (in μg per larva) were more pronounced than those of C, indicating that changes in the C:N ratio reflect primarily seasonal variation in the protein rather than the lipid content. Hence, summer larvae seem to contain less protein than winter larvae.
Seasonal variations in the energetic condition of reproducing females could be a possible explanation for differences in larval size, biomass and elemental composition at hatching. H. planatus is able to mature its ovaries before it reaches morphological maturity (Lucas, 1980; Dunnington, 1999; Vinuesa and Ferrari, 2008) . After the terminal moult, morphologically mature females can produce more than one egg clutch per year (Diez and Lovrich, 2010) , so that reproductive exhaustion may occur in successive broods (Harrison, 1990; Palacios et al., 1999) , and this may translate to changes in the condition of newly hatched larvae (Ghiselin, 1987) . We suppose that seasonal differences between egg clutches produced by H. planatus in the Beagle Channel may be attributable to a dominance of primiparous or multiparous females, respectively, in each hatching period (Diez and Lovrich, 2010 ). If we assume that different types of females invest different amounts of energy in ovarian growth, because primiparous females also require energy for the pubertal-terminal moult (Richer De Forges, 1977) , then this may explain variations in bioenergetic parameters of the early developmental stages, especially the zoea I at hatching (Anger, 2001) .
Seasonal variations in larval size and biomass at hatching may also be caused by variations in the environmental conditions prevailing during oogenesis and/or embryogenesis (Urzúa et al., 2012) . Different temperature regimes, for instance, may influence the energetic investment in egg production, with higher yolk allocation per egg during early winter (Anger, 2001) . On the other hand, higher spring and summer temperatures should enhance the metabolic energy expenditure during egg development, so that the biomass remaining at hatching would be reduced.
Salinity is another environmental factor that may affect embryogenesis and, as a consequence, larval condition (Bas and Spivak, 2000; Ituarte et al., 2005) . In the Beagle Channel, nearshore salinity decreases in August-October due to snow melting and freshwater run-off, reaching minimum values of about 25 psu (Curelovich et al., 2009; Aguirre et al., 2012) . As all females used in this study lived during most of the time of embryonic development in their natural intertidal habitats, the eggs were exposed to reduced salinities, and this may cause physiological disturbance and a reduced efficiency of yolk utilization (Gimenez and Anger, 2001 ). Hence, a significantly higher initial C:N ratio observed in December larvae might also reflect changes in the embryonic N metabolism, leading to reduced concentrations of free amino acids at hatching (Laughlin and French, 1989; Gimenez and Anger, 2001) .
Larval body size and biomass increased in both cohorts throughout the time of development from hatching to metamorphosis. In successive zoeal stages, most growth parameters seemed to increase at higher rates in larvae released in December, so that initial differences observed at hatching (with consistently larger size and biomass in the August cohort) disappeared during the period of development to the zoea III stage. This observation could reflect compensatory growth triggered by the environmental conditions. This type of growth could be regulated by some kind of endogenous timing that determines an optimal size or elemental composition, as a strategy mitigating negative environmental effects (Wei et al., 2008) . The observation of compensatory growth may just reflect readjustments in dynamic trade-offs between conflicting demands (e.g. growth, storage) as the internal state of individual changes. Compensatory growth patterns represent a temporal (within individual) level of phenotypic plasticity and a source of variation (Nicieza and Metcalfe, 1997) suggesting, from a life-history point of view, the existence of optimum phenotypic values (Travis, 1989) . However, the first juvenile crab stage showed again the same patterns of difference as previously observed at hatching. These apparently inconsistent patterns of change in developmental size and biomass may represent sampling artifacts if our data for zoeal stages II and III were not obtained precisely in the middle of the respective moulting cycles. In future studies, this possibility should be checked with a higher temporal resolution of successive analyses, and these should be accompanied by precise moult-staging with microscopical techniques (e.g. Guerao et al., 2010) .
H. planatus shows a wide geographic range of distribution along the Atlantic coast of Argentina. Besides seasonal variations in reproductive traits, we may therefore expect to find also intraspecific variations among populations living in a latitudinal gradient, as observed in other decapods (e.g. Wehrtmann and Kattner, 1998; Navarrete et al., 1999; Lardies and Wehrtmann, 2001) . One example may be seen in the length of the planktonic larval phase. At 8°C, which is slightly below the average summer temperature in the Beagle Channel (cf. Anger et al., 2004) , development from hatching to the end of the zoea III stage took about 11 weeks. This is almost twice the time span observed by Boschi et al. (1969) , who reared larvae from a population from Mar del Plata at temperatures of 11-13°C, corresponding to winter conditions in this region. While different development durations can partially be explained with different rearing temperatures, the conspicuous discrepancy observed between these two studies may also reflect regional variability among populations. Future comparative studies should therefore experimentally quantify relationships between developmental rates and temperature, comparing various regions within the latitudinal gradient between Mar del Plata and the Beagle Channel.
In contrast to development duration, the size of newly hatched zoea I larvae of H. planatus seems to be similar in both regions, suggesting that different average habitat temperatures do not affect larval size. Maximum adult size, by contrast, is near Mar del Plata only about one third of that observed in Ushuaia (3 vs. 10 mm CW, respectively; Diez, 2010 ). Again, this shows variation in life-history parameters, which probably is related to changes in climatic factors.
Tolerating low temperatures down to −1°C (Frederich et al., 2001) , and with two periods of egg production per year in sub-Antarctic waters, H. planatus may be able to survive and reproduce also in more extreme subpolar environments including the adjacent Antarctic (Diez and Lovrich, 2010) . One major obstacle for successful larval development in such environments is the short season of planktonic food production, which causes food limitation (Thatje and Arntz, 2004) . However, the C:N ratio measured in larval H. planatus is on average relatively high, suggesting a high lipid content (Anger and Harms, 1990; Anger, 2001) , and this may provide sufficient nutritional plasticity to cope with low food concentrations. In a scenario of global warming and increasing plankton productivity (Aronson et al., 2007) , the seasonal window for successful development at high latitudes may be widened, making H. planatus a potential future invader of Antarctic waters (Diez and Lovrich, 2010) .
